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INVESTIGATION OF HIGH-SPEED IMPACT PHENOMENA ( I V )  
1. INTROOUCTION 
This  r e p o r t  summarizes t h e  r e s u l t s  obtained from a r e sea rch  program 
conducted f o r  t h e  NASA by TRW Systems under t h e  terms of NASA Contract  
NASw-1336. 
menta l ly  t h e  i n t e r a c t i o n  of high v e l o c i t y  particles wi th  gaseous t a r g e t s  
u s ing  t h e  TRW Systems e l e c t r o s t a t i c  p a r t i c l e  a c c e l e r a t o r .  
placed on t h e  l abora to ry  eimulat ion of meteor phenomena and t h e  f i r s t  d i r e c t  
experimental  measuremento of meteor i o n i z a t i o n  and luminous e f f i c i e n c i e s  
were completed under t h e  auspices  of t h i s  program. 
of i on iz ing  e f f i c i e n c y  which used i r o n  p a r t i c l e s  and a i r  t a r g e t s  was ex- 
panded t o  encompass a v a r i e t y  of t a r g e t  gases .  F i n a l l y ,  d rag  c o e f f i c i e n t s  
were p r e c i s e l y  measured under free-molecule f low cond i t ions  f o r  r e l a t i v e l y  
low v e l o c i t y  p a r t i c l e a .  
molecule drag model was developed. 
The p r i n c i p a l  ob jec t ive  of t h e  program wae t o  s tudy experi-  
Emphasir was 
The i n i t i a l  measurement 
A s  a result of t h i s  experiment,  a modified f r e e -  
A l l  of t h e s e  experiments have been descr ibed i n  a series of fou r  
Technical  Reports  which were submitted upon completion of each experiment.  
I n  essence ,  these r e p o r t s  comprise t h e  F i n a l  Technical  Report of t h i s  pro- 
gram and a b s t r a c t s  of each repor t  are a t tached  as appendices.  The br ief  
d i s c u s s i o n  given i n  the fol lowing s e c t i o n s  provides  background informat ion  
r e l a t i n g  t o  t h i s  series of experiments. 
e 
2. METEOR SIMULATION EXPERIMENTS 
Much of what is  known about meteoroids i n  space has been deduced from 
photographic observa t ions  of luminous t ra i l s  and radar probing of ion ized  
wakes produced by meteoroids  en ter ing  t h e  ea r th ' s  atmosphere. A meteoroid 
of mass m and v e l o c i t y  v en te r ing  an atmosphere of d e n s i t y  p i s  decelerated 
a t  t h e  rate 
dv 
d t  m 
- =  - 
-1- 
where r is t h e  drag  c o e f f i c i e n t  and A is t h e  p ro jec t ed  area of t h e  meteor. 
The rate of mass l o s s  dm/dt is given by * 
A 2  - 7 Apv dm T t =  
where 5 is t h e  hea t  of a b l a t i o n  and A is  t h e  hea t  t r a n s f e r  c o e f f i c i e n t .  The 
primary a b l a t i o n  mechanism is assumed t o  be vapor i za t ion ;  hence 5 i s  t h e  
energy per  u n i t  mass requi red  t o  vaporize t h e  meteor.  The hea t  t r a n s f e r  co- 
e f f i c i e n t  g ives  t h e  f r a c t i o n  of meteor k i n e t i c  energy converted t o  i n t e r n a l  
energy of t h e  meteor. 
The observable  q u a n t i t i e s  f o r  meteors i n  t h e  e a r t h ’ s  atmosphere are 
t h e  luminous t r a i l  and t h e  ionized wake. From contemporary meteor theory ,  
t h e  ins tan taneous  lcrainous i n t e n s i t y  of t h e  t r a i l  I 
per  u n i t  time i n  c r e a t i n g  ion-electron p a i r s  I 
t h e  rate of mass l o s s .  Hence, one can write, 
and t h e  energy expended 
P 
are both p ropor t iona l  t o  
q 
1 2 &  1 = - -  
P 2 ‘pV d t  
and 
2 dm 1 = - -  ‘ T  V - 
q 2 q  d t  
The symbols T and T which are designated as t h e  meteor luminous 
e f f i c i e n c y  and meteor ion iz ing  e f f i c i ency ,  r e s p e c t i v e l y ,  are def ined  by 
t h e s e  equat ions  and i t  can be seen t h a t  they  r ep resen t  t h e  f r a c t i o n  of 
meteor k i n e t i c  energy expended i n  producing r a d i a t i o n  and ion iza t ion .  
is g e n e r a l l y  more convenient t o  express  t h e  i o n i z a t i o n  process  i n  terms of 
t h e  ion iz ing  p r o b a b i l i t y  6: 
P q’ 
It 
(3) 
(4) 
-2- 
dn B dm 
d t  p d t  
- =  - - -  (5) 
Here dn /d t  is t h e  number of i on  p a i r s  c r ea t ed  per  u n i t  time and u is t h e  
mass of t h e  evaporated atom. B is t he  r a t i o  of t h e  number of i ons  formed 
t o  t h e  number of atoms a v a i l a b l e  t o  create ion  p a i r s  and is r e l a t e d  t o  T 
9 
by 
where 0 is t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  atom. 
For high i n i t i a l  v e l o c i t i e s ,  it can be shown t h a t  t h e  meteoroid is  
e s s e n t i a l l y  t o t a l l y  vaporized while  s u f f e r i n g  n e g l i g i b l e  dece le ra t ion .  
t h i s  s p e c i a l  case, 
Thus, i n  i n t e g r a l  form Eqs. (3) and (5) become 
For 
Idm/dt becomes mo,the i n i t i a l  mass of t h e  meteoroid.  
1 2 E = T  - m  v = T  E 
P P 2 0 0  P O  
and 
N I = - m  B = B N A  
110 
where E is the  t o t a l  r a d i a n t  energy from t h e  luminous t r a i l ,  Eo is t h e  
i n i t i a l  k i n e t i c  energy of t h e  meteoroid,  N is t h e  t o t a l  number of ion- 
e l e c t r o n  p a i r s  i n  t h e  meteor wake, and NA is t h e  number of atoms contained 
i n  t h e  meteoroid.  
P 
I 
The q u a n t i t i e s  T and 6 are  of c r u c i a l  importance i n  i n t e r p r e t i n g  
P 
t h e  obse rva t ions  of n a t u r a l  meteors.  P r i o r  t o  t h e  work conducted under 
(7) 
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t h i s  program, t h e r e  had not  been a s a t i s f a c t o r y  l abora to ry  measurement of 
either quant i ty .  
a n a l y t i c a l  t rea tments  of t h e  problem and phenomenological observa t ions  of 
n a t u r a l  meteors.  
P r e s e n t l y  accepted va lues  of T and $ are based on b a s i c  
P .I 
The poss ib l e  e r r o r s  are admi t ted ly  l a r g e .  
I n  t h i s  program, t h e  experiments were implemented by i n j e c t i n g  par- 
t icles of known v e l o c i t y  and mass i n t o  low p res su re  gas  t a r g e t s  and measuring 
t h e  r e s u l t a n t  r a d i a t i o n  o r  ion  production. I n i t i a l  p a r t i c l e  v e l o c i t i e s  
ranged from about 20 t o  45 km/sec which i s  i n  t h e  range where t o t a l  mass 
a b l a t i o n  occurs .  
meteor phenomena are t h e  s i z e  of t he  p a r t i c l e  and t h e  a b s o l u t e  p re s su re  of 
t h e  t a r g e t  gas .  Since e x c i t a t i o n  and i o n i z a t i o n  arise from r e a c t i o n s  on an 
atomic scale, t h e  d i f f e r e n c e  i n  p a r t i c l e  s i z e  appears  t o  be no consequence. 
The e f f e c t  of h igher  gas  p re s su re ,  which decreases  t h e  c o l l i s i o n a l  mean f r e e  
pa th  of vaporized atoms, is more d i f f i c u l t  t o  assess, but  i t  probably does 
not  al ter t h e  experimental  r e s u l t s  s i g n i f i c a n t l y .  
The main d i f f e rences  between t h e s e  experiments and n a t u r a l  
An a b s t r a c t  of t h e  Technical Report e n t i t l e d  " Ion iza t ion  P r o b a b i l i t y  
of I r o n  P a r t i c l e s  a t  Meteoric Veloc i t ies"  i s  given i n  Appendix A. This  
r e p o r t  g ives  t h e  r e s u l t s  of measurements of i o n i z a t i o n  p r o b a b i l i t i e s  f o r  
i r o n  par t ic les  i n c i d e n t  on t a r g e t  gases of a i r  and argon. The va lue  ob- 
t a i n e d  f o r  a i r  is somewhat g r e a t e r  than  t h e  p r e s e n t l y  accepted va lue .  
;. 
An a b s t r a c t  of t h e  r e p o r t  descr ib ing  t h e  experiment t o  determine 
meteor luminous e f f i c i e n c y  is  contained i n  Appendix B ,  "Laboratory Measure- 
ment of Meteor Luminous Eff ic iency".  I n  t h i s  experiment,  luminous 
e f f i c i e n c i e s  were determined f o r  i ron  par t ic les  inc iden t  on t a r g e t  gases  
of a i r ,  n i t rogen ,  oxygen, and argon. For a i r ,  t h e  luminous e f f i c i e n c y  as 
def ined  by Eq. ( 7 )  w a s  found t o  be n e a r l y  cons t an t  w i th  v e l o c i t y  between 
20 and 40 kmlsec. The average measured va lue  w a s  0.005 f o r  t h e  s p e c t r a l  
range  3400 < h 6300 A. The near ly  cons tan t  va lue  of T over t h e  e n t i r e  
v e l o c i t y  range is  i n  con t r ad ic t ion  t o  gene ra l ly  accepted meteor theory.  
However, t h e  r e s u l t s  are i n  general  agreement wi th  ffpik's  theory  f o r  meteors 
wi th  g r e a t l y  d i l u t e d  comas. 
P 
Most n a t u r a l  meteors are of cometary o r i g i n  and they are composed of 
a number of d i f f e r e n t  elements.  Unfortunately,  a l l  of t h e  important elements 
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are no t  a v a i l a b l e  i n  a form compatible wi th  t h e  e l e c t r o s t a t i c  a c c e l e r a t i o n  
technique (or  o t h e r  techniques e i t h e r ) .  
mental  information is a v a i l a b l e  from any source f o r  t h e  v e l o c i t y  range covered 
by meteors ,  i t  seems a p p r o p r i a t e  to  compile as much data as p o s s i b l e  us ing  a l l  
of t h e  combinations of par t ic le  ma te r i a l  and t a r g e t  gases  a v a i l a b l e .  A s  t h e  
f i r s t  s t e p  i n  t h i s  process ,  i o n i z a t i o n  p r o b a b i l i t i e s  were measured f o r  i r o n  
p a r t i c l e s  and t a r g e t  gases  of helium, neon, n i t rogen ,  oxygen, carbon d iox ide  
and air .  
is g iven  i n  Appendix C ,  " Ioniza t ion  from Fe Atoms Inc iden t  on Various Gas 
Targets".  I o n i z a t i o n  c ross -sec t ions  can be est imated from t h e  i o n i z a t i o n  
p r o b a b i l i t y  d a t a  and, f o r  t h e  p a r t i c u l a r  case of Fe + N2, d a t a  obtained from 
t h i s  experiment are i n  q u a l i t a t i v e  agreement wi th  publ ished d a t a  obtained 
us ing  more convent ional  techniques.  Another s i g n i f i c a n t  f a c t o r  noted is 
t h a t  t h e  rate of change of B with  v e l o c i t y  is sys t ema t i ca l ly  g r e a t e r  f o r  
monatomic t a r g e t  gases  than  f o r  diatomic or  t r i a t o m i c  t a r g e t  gases .  
Due t o  t h e  f a c t  t h a t  l i t t l e  experi-  
An a b s t r a c t  of t h e  Technical Report desc r ib ing  t h e s e  measurements 
3 .  LOW VELOCITY DRAG EXPERIMENT 
Although ex tens ive  s t u d i e s  of aerodynamic f low problems have been 
conducted by a v a r i e t y  of techniques,  i t  is st i l l  not  p o s s i b l e  t o  a c c u r a t e l y  
p r e d i c t  t h e  drag f o r c e  a c t i n g  on spheres  i n  free-molecule flow. For many 
-rr--.. n1+oatims s u f f i c i e n t l y  accurate estimates may be made, but f o r  some 
a p p l i c a t i o n s ,  e.g. ,  s a t e l l i t e  drag,  more p r e c i s e  information i s  requi red .  
Accordingly,  an  experiment t o  determine drag  c o e f f i c i e n t s  f o r  low v e l o c i t y  
(near Mach 1 )  spheres  w a s  undertaken. A t  low v e l o c i t i e s ,  t h e  drag  c o e f f i c i e n t  
is a r e l a t i v e l y  s t rong  func t ion  of v e l o c i t y  and r e s u l t s  from experiments i n  
t h i s  v e l o c i t y  regime provide a severe  t es t  of t h e  a n a l y t i c a l  models used t o  
d e s c r i b e  sphere  drag.  
The " f r e e  f l i g h t "  b a l l i s t i c  range  technique w a s  used t o  determine drag  
c o e f f i c i e n t s  f o r  i r o n  spheres  i n  a r a r e f i e d  a i r  t a r g e t .  
mass of p a r t i c l e s  from t h e  e l e c t r o s t a t i c  a c c e l e r a t o r  were determined by t h e  
usua l  techniques and t h e  average v e l o c i t y  of t h e  d e c e l e r a t i n g  p a r t i c l e s  w a s  
determined by means of a v e l o c i t y  measurement range i n  t h e  gas  t a r g e t  chamber. 
The v e l o c i t y  and 
Drag c o e f f i c i e n t s  were obtained f o r  s p h e r i c a l  i r o n  p a r t i c l e s  f o r  i n i t i a l  
v e l o c i t i e s  ranging from about 0.5 t o  3.5 lun/sec. e 
It was found t h a t ,  of contemporary models, t h e  Schamberg model gave 
t h e  best f i t  t o  t h e  experimental  data .  
noted a t  low v e l o c i t i e s .  
v a r i a t i o n  i n  t h e  thermal accommodation c o e f f i c i e n t  w i t h  p a r t i c l e  v e l o c i t y .  
Following modi f ica t ion  of t h e  Schamberg model, i t  w a s  concluded t h a t  t h e  atom- 
s u r f a c e  c o l l i s i o n s  range  from specular  a t  l a r g e  v e l o c i t i e s  t o  n e a r l y  completely 
d i f f u s e  a t  low v e l o c i t i e s .  These r e s u l t s  are not unambiguous, bu t  they  do 
g i v e  a p l a u s i b l e  r e p r e s e n t a t i o n  of t h e  experimental ly  der ived  da ta .  An 
a b s t r a c t  of t h e  Technical  Report descr ib ing  t h i s  experiment i s  g iven  i n  
Appendix D, “Drag C o e f f i c i e n t s  of Microscopic Spheres i n  Free-Molecule Flow”. 
However, s i g n i f i c a n t  d e v i a t i o n s  were 
The discrepancy w a s  a t t r i b u t e d  t o  a systembtic  
-6- 
APPENDIX A 
IONIZATION PROBABILITY OF IRON PARTICLES AT METEORIC VELOCITIES* 
by J. C. S l a t t e r y  and J. F. F r i i c h t e n i c h t  
ABSTRACT 
The number of i o n  p a i r s  produced by t h e  t o t a l  a b l a t i o n  of i r o n  
p a r t i c l e s  i n  a i r  and argon was measured as a func t ion  of p a r t i c l e  
v e l o c i t y .  
i n j e c t e d  i n t o  a g a s  t a r g e t  chamber and t h e  r e s u l t a n t  i o n i z a t i o n  co l -  
l e c t e d  wi th  a p a r a l l e l  p l a t e  i on iza t ion  chamber. I n i t i a l  v e l o c i t i e s  
of the p a r t i c l e s  ranged from 20 km/sec t o  45 km/sec. The i o n i z a t i o n  
p r o b a b i l i t y  B, f o r  an  i r o n  p a r t i c l e  i n  argon w a s  found t o  be B = 
2.74 IC 1 0  -20 v 4*13, where v is  the  p a r t i c l e  v e l o c i t y  i n  meters / sec .  
The i o n i z a t i o n  p r o b a b i l i t y  of an i r o n  p a r t i c l e  i n  a i r  w a s  found t o  be 
B = 2.60 x IO -15 v3*12, wi th  v i n  meters/sec. 
Micron s i z e  i r o n  p a r t i c l e s  of known mass and v e l o c i t y  were 
* 
To be  published i n  January 1967 Ast rophys ica l  Journa l .  
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APPENDIX 1 
A LABORATORY MEAS- OF METEOR LUMINOUS EFFICIENCY 
by J. F. F r i i c h t e n i c h t ,  J, C. S l a t t e r y ,  and E. T a g l i a f e r r i  
ABSTRACT 
The luminous e f f i c i e n c y  T ~ ,  as def ined  i n  meteor theory ,  has  
been determined by measuring t h e  t o t a l  r a d i a n t  energy from luminous 
trails produced by i n j e c t i n g  high v e l o c i t y ,  sub-micron diameter ,  i r o n  
p a r t i c l e s  i n t o  gaseous t a r g e t s .  The h igh  v e l o c i t y  p a r t i c l e s  were ob- 
t a i n e d  from an  e l e c t r o s t a t i c  p a r t i c l e  a c c e l e r a t o r  and t h e  v e l o c i t y  
and mass of each p a r t i c l e  w a s  measured p r i o r  t o  en te r ing  t h e  gas .  
t i c l e  v e l o c i t i e s  ranged from about 15  km/sec t o  40 la/sec. 
v e l o c i t y  range, t h e  p a r t i c l e s  are completely vaporized whi le  s u f f e r i n g  
small dece le ra t ion ,  which is a l s o  t h e  case f o r  most n a t u r a l  meteors.  
The t o t a l  r a d i a n t  energy from the  t r a i l  was determined by means of a 
c a l i b r a t e d  photomul t ip l ie r  tube.  
Par- 
In t h i s  
The luminous e f f i c i e n c y  i n  t h e  s p e c t r a l  band 3400-6300 A f o r  
a n  a i r  t a r g e t  and i r o n  p a r t i c l e s  w a s  found t o  be nea r ly  cons t an t  over  
t h e  v e l o c i t y  i n t e r v a l  from 20 t o  40 km/sec. 
t h e  t h e o r e t i c a l  t reatment  of' 'dpik f o r  meteors w i th  g r e a t l y  d i l u t e d  comas. 
However, t h e  average va lue  of T was about 0.005 which i s  about  two o r  
t h r e e  t i m e s  l a r g e r  than  6 p i k ' s  p red ic ted  va lue .  
are i n  good agreement wi th  the va lue  given r e c e n t l y  by Verniani .  How- 
ever, Vern ian i ' s  r e s u l t s  i n d i c a t e  a l i n e a r  v e l o c i t y  dependence. Hence 
t h e  agreement d e t e r i o r a t e s  a t  higher v e l o c i t i e s .  
This  i s  i n  agreement wi th  
X 
A t  20 km/sec t h e  r e s u l t s  
-8- 
APPENDIX C 
I O N I Z A T I O N  FROM Fe ATOMS INCIDENT ON VARIOUS GAS TARGETS 
by J. F. F r i i c h t e n i c h t ,  J. C. S l a t t e r y  and E. 0. Hansen 
ABS TRACT 
Ion iza t ion  p r o b a b i l i t i e s ,  8 ,  have been measured f o r  i r o n  atoms 
i n c i d e n t  upon t a r g e t  gases  of He, N e ,  N 
Fe atoms are obtained by i n j e c t i n g  s o l i d  i r o n  p a r t i c l e s  of known 
v e l o c i t y  and mass i n t o  a low p res su re  gas  t a r g e t  where c o l l i s i o n a l  
hea t ing  raises t h e  temperature  of t h e  p a r t i c l e  t o  t h e  vapor i za t ion  
poin t .  
v e l o c i t y  e s s e n t i a l l y  equal  t o  t h e  v e l o c i t y  of t h e  s o l i d  p a r t i c l e  and 
these atoms c o n s t i t u t e  t h e  atomic "beam". For v e l o c i t i e s  i n  excess  
of Q, 20 km/sec t h e  inc iden t  p a r t i c l e  is completely vaporized and t h e  
number of atoms i n j e c t e d  i n t o  the t a r g e t  gas ,  NAY is s p e c i f i e d  by t h e  
p a r t i c l e  mass. The number of ions produced i n  t h e  t a r g e t  volume, NI ,  
is determined by means of a p a r a l l e l  p l a t e  i o n i z a t i o n  chamber. 
d e f i n i t i o n ,  B = NI/NA. 
s e c t i o n  aI can be obtained from t h e s e  r e s u l t s  and f o r  t h e  p a r t i c u l a r  
case of Fe atoms i nc iden t  on a N t a r g e t ,  t h e  d a t a  are i n  q u a l i t a t i v e  
agreement wi th  published d a t a  obtained us ing  more convent ional  techniques.  
C02, and a i r .  The e n e r g e t i c  2 '  
Atoms evaporated from t h e  p a r t i c l e  t r a v e r s e  t h e  gas  a t  a 
By 
0 
An estimated va lue  of t h e  i o n i z a t i o n  c ross -  
2 
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APPENDIX D 
DRAG COEFFICIENTS OF MICROSCOPIC SPHERES I N  FREE-MOLECULE FLOW 
by A. S. Hersh, J. F. F r i i c h t e n i c h t  and J. C. S l a t t e r y  
ABSTRACT 
The " f r e e  f l i g h t "  technique has  been u t i l i z e d  t o  determine 
average  drag c o e f f i c i e n t s  CD f o r  microscopic  s p h e r i c a l  i r o n  p a r t i c l e s  
i n  free-molecule flow (Kn >> 1). P a r t i c l e s  ranging i n  v e l o c i t y  from 
about  0.5 t o  3.5 lan/sec were obtained from a n  e l e c t r o s t a t i c  p a r t i c l e  
a c c e l e r a t o r .  
t ends  from t h e  nonhyperthermal regime (Smin : 1) w e l l  i n t o  t h e  hyper- 
thermal r eg ion  (Smax 2 9) .  
s e n s i t i v e  t o  t h e  d e t a i l s  of atom-surface i n t e r a c t i o n s  and p r e c i s e  
measurements of C provide a bas i s  f o r  i n f e r r i n g  c h a r a c t e r i s t i c s  of 
t h e s e  i n t e r a c t i o n s .  The experimental  r e s u l t s  were compared t o  t h e  f r e e -  
molecule models of Schamberg and Schaaf-Chambre. The Schamberg model 
g i v e s  a b e t t e r  r e p r e s e n t a t i o n  of t h e  experimental  d a t a ,  but  s i g n i f i c a n t  
d e v i a t i o n s  are noted a t  low speed r a t i o s .  
a t t r i b u t e d  t o  v a r i a t i o n s  i n  accommodation c o e f f i c i e n t ,  a ,  and type  of 
r e - m i s s i o n  ( i . e . ,  specuiar  o r  d i f f u s e )  w i t h  speed r a t i o .  Following 
mod i f i ca t ion  of Schamberg's model, t h e  type  of re-emission requi red  t o  
f o r c e  a f i t  t o  t h e  experimental  d a t a  w a s  evaluated by assuming Eps te in ' s  
model f o r  the v a r i a t i o n  of a with S. It w a s  concluded t h a t  t h e  atom- 
s u r f a c e  c o l l i s i o n s  range from specular  a t  l a r g e  S t o  n e a r l y  completely 
d i f f u s e  f o r  small S. 
do g i v e  a p l a u s i b l e  r ep resen ta t ion  of t h e  exper imenta l ly  der ived  da ta .  
For a n  air  background gas ,  t h e  f l i g h t  speed r a t i o  ex- 
I n  t h i s  regime, CD f o r  spheres  is r e l a t i v e l y  
D 
The discrepancy has  been 
Although t h e  r e s u l t s  are no t  unambiguous, they  
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